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The Effect of Process and Formulation Variables on the 
Properties of Spray-dried j5-Galactosidase 
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Abstract — The objective of Ih is study was to evaluate the joint cflccis of various processing und formulation 
variables on the properties of spray-dried /Ngatoctosidasc using statistically designed experiment*. The key 
response variables evaluated were product yield, residual enzymatic activity, moisture content and pnrlielc 
size and appearance. The residual enzymatic activity and product yield were significantly ullcvtwl by the 
processing variables. The highest product yields were obtained when the drier outlet temperature whs 
relatively high, resulting in extensive prolan denaturation. Subsequent experiments, lhcrcfoa\ compared 
the relative effectiveness or four stabilizers (manaitol, sucrose, arglnine hydrochloride and trehalose) in 
terms of their ability to preserve enzymatic activity during the spray-drying process and during long-term 
storage. Trehalose was the most suitable stabilizer. The cRcct of a number of other formulation variables 
(total solids level, ratio of stabilizer to protein, presence of surfactant and presence of buffer) was also 
investigated. A final formulation consisting of 6% fl-gniluclosidase and 1(1% lrchalo.se in dciunized water 
was selected. Spruy-drying at inlet and outlet temperatures of 1 40 and 95 C, respectively, result* in greater 
than 70% yields of a folly adivc product with a moisture cnnlent of 2-5% and ti met in panicle size uf 
2-4 am. 



Spray-drying has been used extensively in the pharmaceuti- 
cal industry, primarily in the production of raw drug 
materials (such as an! i bio lies) und excipienu (spray-dried 
hielosc). Other well established pharmaceutical applications 
include granulation and microencapsulation processes 
(Broadhcad cl al 1 992). Interest in developing novel delivery 
systems for protein and peptide drugs has focusscd attention 
on spray-drying as u means of processing these thcrmolabile 
materials. $h^l^«Ji5^^^ 
e.lOSDjMire^ 




Spray-drying is already used extensively for drying other 
heal sensitive mutcrials including enzymes, blood products 
und microorganisms [Masters 1985). In spite of the high 
temperatures which arc involved, the cooling effect caused by 
solvent evaporation means thai the temperature of the dried 
product rem ni as relatively low (Masters 1990). Therefore, 
biologically active mHierials can be spray-dried without 
activity losses ocnirring.<3iH35l^gfiSjn^ 
^©JSalOJieiSr^^ 



jggSSi also 
been reported recently thai formulations of tissue plasmino- 
gen activator and human growth hormone am be- spray- 
dried al temperatures of 1 50"C with liulc or no activity loss 
{Mumcnthatcr el al 1991 J. 

Despite (he potential advantages of spray-drying, there are 
u number of difficulties which must be overcome. A major 
problem often encountered with la curatory -scale spray- 
driers is a low product recovery. This may be prohibitive in 
the early stages or pharmaceutical development when only 
small quantities of very costly drugs arc available. In 
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addilion. spray-drying is usually associated with product 
moisture contents considerably higher limn those which have 
been established for marketed lyophiliznl products. 

The aim of this study was, therefore, to evaluate the effects 
of process and formulation parameters on llic characteristics 
of a model spray-dricd protein. The enzyme /f-galnclos«i:ise. 
derived from As/n-r^tus aryzne. was chosen as a uhkIitL This 
is a monomcric protein of molecular weight 1 1)5 k Da. with an 
isoelectric pc-inl of around pH 4-5 (Tanakn dull 975; CJgushi 
et al 1 980}. Slalisiicully designed cjtperiments were uwd 
throughout this study so thai die clTcets aT several process 
and fonnulalion variables could he evaluated siimiUa- 
ncously.Tlic study w»$ carried oul in two singes, in the lirsi 
sugc, the goal wiis to study how process variables (icmjK'ra- 
lure, solution Heed rale and air flow rate) affected prmliicl 
characteristics (responses). The second stage of the study 
focused on the use of formulation exeipicnts m preserve 
cnzymaiic activity under condijioas where tfic highest yields 
could be obtained. The crTcclH of eacipicnt. lotal stilitls ami 
the inclusion of a surfactant or bailer salts in (he runiiulaiiou 
were evahialed. and a final formulation and pnnxn eMail- 
lished. 

Materials and Methods 

Muinhttx 

Lyophilized /i-galaciosidasc derived iVnm /».y»rn;///m nry?,u- 
was purchased frtim tn/ymc DcveJnpmcm ( nrporaiion 
(New York. USA). The reagents ami slnmhml used fur ihv 
BCA protein assay were purchased from Pierce i/hcmieal 
Compnny(Ruekford. IL).TweenKI) urns purchased from H I 
Chemica!s(Ncw Brunswick. NJ|. Mnnniiul. /i-niir««phcii\l- 
/Mvgalactopyranoside (ONPG). sucrose, trehalose, areimiu- 
hydrochloride und al) olher chemicals were purvhu.vd limn 
Sigma Chemical Company. 

Ftrrit .Vilulinh nrvparal'um 

A dispersion of the commercially obtained //-galaclnsidase 
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wns prepared in deionized water {10 g/60 mL). This wm 
cemrifuged al 12000 rev min -1 for IS min io remove the 
insoluble material present in the commercial preparation. 
The supernatant was then dialysed against deionized water 
Tor 24 h with three changes. This process resulted in a final 
protein concentration of approximately 60 mg mL*'. The 
protein solution was diluted to the appropriate concentre- 
tion with deionized water, when required, and any formula- 
lion excipictus were added before spray-drying. 

Spruy-dryinn 

The spray-drying wns carried out using a Buchi 190 mini 
spray-drier. This is u co-currcnl two-fluid drier in which the 
atomizing air and fceri solution pass separately to the nozzle. 
The feed is atomized by the air as it leaves the nozzle and 
enters the top of the drying ehiimbcr. Tbc dried product is 
separated from the air stream by means of a cyclone 
separator. The process variables which can be altered are the 
drier inlet temperature, the solution feed rale, the air now 
r;itc and the uspirator vacuum. The outlet temperature 
•.:v;mnot be controlled directly, but is a function of the drier 
""i'nlcl temperature and the solution feed rate. The aspirator 
vacuum was kept at approximately 35 mbar throughout the 
studies. The yield was calculated as the percentage of the 
s»dids present in the feed solution which were recovered in the 
product collector. 

.-I i lirit v (hUfrminutitut 

The activity of the spray-dried /f-galuclosiduse was deter- 
mined using u modified method of the Food and Chemical 
Codex (1981). Approximately I mgmL' 1 solutions of the 
spray-dried protein were prepared in 0- 1 m acetate bufTer.pH 
4-5. Fifty and 100 /iL portions or these solutions were added 
io 1 ml- orONPG substrate solution {493 mg/IOOmL bulTcr) 
in u 3 -5 ml cuvette. The nciivily of the samples was 
calculated bv measuring the rale of increase in ubsorbanccul 
420 nm caused by the enzyme-catalysed hydrolysis ofONPG 
in .i-niirnphcnol. A Pcrkin Elmer Lambda 7 UV-vis spectre- 
photometer, maintained at 3T C by a circulating water bath. 
w:is used for the activity determinations. 

The protein corneal of the samples was determined using 
the liCA method (Smith ct al 1985) which quantitatively 
measures protein by the enhanced colorimctric detection ol 
Cu • produced in the reaction or protein with alkaline Or . 
Ihwinc serum albumin (HSA) was used as a protein standard 
.Since some spray-dried samples contained fragments which 
were insoluble in buffer, the total protein content or the 
samples was determined alter solubilization in 8 fti urea. The 
Iruetion of insoluble protein was calculated by comparing 
• the protein measurements in the presence and absence of 
ure;.Thespcdf.cactivityortnc*prav.dnedsam P ks( a cmn l y 

t m of total protein)' ') could thus be ca 

uctiviiy was expressed as a percentage of the specific acbvuy 

ol' the originul lyophilizcd material. 

MnLviura ctmn-nl tletermtoation 

The moisture content of the *? roy " d " cd 

determined using a Mitsubishi Mo.su. re MwjHMa 

06. Willi vaporizer V A-06J. in which the samples were heated 

to !2o'c for 10 min before Karl Fischer titration (Johnson 

1967). 



. Ponlde size anofyjls 

The particle size of the samples was determined using image 
analysis (M agijean. Joyce Loebl). Fifty milligram samples or 
spray-dried material were dispersed in 1 5 mL silicone fluid 
and sonicated Tor I min. Four slides were prepared (Vomcuch 
dispersion and four fields of view were analysed from each 
slide. Approximately 400-600 panicles from each sample 
were measured. The Ferel diameter (horizontally) was used 
to represent the sizes of ihe panicles. The geometric mean 
size was used as the basis for comparing different samples 
since (he size distributions appeared to follow a log-normal 
pattern. 

Scanning eUctron micrographs (SEM) 
Samples of the spray-dried powders were sprinkled on SEM 
stubs and gold corned. Scanning electron micrographs were 
obtained using an Amray 1200C Instrument. 

Experiment tlvii$n 

Initially, a model formulation consisting of 6% /f-galac.osi- 
dase and 5% mannitol in deionized water was used to 
evaluate the effect of process variables on the properties or 
the product. A 2* full factorial experimental design wns 
utilized (Bo* ct al 1978). In such u design, three factors are 
evaluated, each ai two levels, and experimental runs arc 
carried oul at all eight possible combinations of the levels. 
Preliminary experiments were carried out to establish appro- 
priate ranges for the processing variables. The high and low 
temperatures were selected such thai activity losses would be 
expected ui the high but not al the low tcinpenuire.Thc high 
level for the feed nue of 5 mL min • 1 was the maximum mlc 
which could be used at the low temperature without 
condensation appearing in the drying chamber, whotvs the 
low level of 2 mL min- was thcslowcst practical rate. The 
hiRh air flow rate was the maximum which was easily 
achievable using the Buchi 190 drier, whilst the low level of 
500 L b-» whj the minimum required to provide sufficient 
energy Tor atomiza.ion. Two replicates of each experimental 
run were carried out io estimate the inherent Way of 
,he experiments (both measurement var.ab.hiy and oihcr 
random errors in the system). Since alt the rum and 
duplicates could not be completed in one dny. the sixteen 
runs were carried out in two sets one week apart. So that 
betwecn-day variability could be estimated and separated 
from the process variable effects, the »*.«« runs were 
signed i.i two blocks. The blocking vanabfc was designed 
in s^h a way that it was only unfounded with the ,h re 
f ac 0 r interaction effect, which is considered to be of leas. 
interest(Boxetall973).Theexperimen.ald«.gn l s S hownu, 

T aViuM factorial experimental design was iuoscquemly 
MC d Id examine the effect of formulation «ri«btoon jta 
Lv^lrid product (Table 2). This studyexamin^theeliee. 

M<% Tween 80). total solids concern ration. rat* o 
ubi izer to enzyme, and drying temperature on * ftna 
IZvcl. This five-factor design required » runs. Th 
cTp" nents were blocked into four sets, earned on at 
ZZ imcrval*. Duplicate runs were not earned out. since 
T cv ns ,tudy had no. indicated substantial ex pen- 
. ability Computations were performed using 
p 0 "rams in SAS (Statistical Application Software). 
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Table 1. Experimental design used lo evalgale the cRcci of 
processing variables. 



Run 


Intel 


Feed 


Airflow 


Day 


temperature 


rale 


rote 


X, 




X, 


X, 
-1 


X, 




I 


-1 

+ 1 


-1 


-1 
-1 


I 
2 




-1 


+ 1 


- 1 


2 




+ 1 


+ 1 


-I 


1 




-1 


-1 


+ 1 


2 




+ 1 


- 1 


+ 1 


1 




-1 


+ 1 


+ 1 


1 




+ 1 


+ 1 


+ 1 


2 




0 


0 


0 


2 



Inlet temperature. + I40X: -70"G Pumping speed: +5 mL 
mn-'; -2 mL min' 1 . Airflow rate: + 70O L n -f i -500 L h"'. 



Tabic 2. Experimental design used lo evaluate the cllecl of 
formulation variables. 







X, 






X, 




Week 1 
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X,: surfactant 
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+ 




+ 
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+ present 
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+ 
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+ 




— absent 
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+ 
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0 


0 
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X,: stabilizer 


6 


+ 


+ 








+ trehalose 


7 


+ 


+ 




+ 


+ 


-orgmine HG 


8 




+ 


+ 




+ 




9 






+ 


+ 




Xi total solids 


Week 2 












+ 16% 


\ 














2 




T 




+ 




X«: slubiliur:enzyme ratio 


3 




+ 


+ 








4 


+ 








+ 


+ 7:1 


5 


+ 






+ 




-l-67;| 


6 




+ 






+ 




7 




+ 


+ 


+ 


+ 


X,: iuiet lempcrature 


8 






0 


0 


0 


+ I75'C 


9 






+ 


+ 


+ 


- lore 


Week 3 














1 






+ 




r 




2 




+ 




+ 




Xv X,-X,X, 
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T 










X»: Xj'X^'Xi 
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+ 
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X. X, 
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+ 






+ 
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Week I 


7 




+ 








Week 2 + + 
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+ 
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Week 3 + 
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+ 


+ 
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Week 4 - + 


Week 4 
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0 
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+ 
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+ 








+ 




4 






+ 
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+ 




+ 


+ 
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+ 


+ 


+ 


+ 




7 


+ 






+ 






8 














0 








+ 







Results and Discussion 

Activity lasses induced by spray-drying 
Inirial experiments were carried out in which /J-galactosidase 
was spray-dried in the absence of any protective excipicni. 
Fig. I shows the effect of drying temperature {inlet and 
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Fio. I. ThecIFcel ordricr inlet and outlet tempera hire on the residual 
activity of p-gutaciiwidnse spray-dried willunu protective catfpiuitv 
b Inlet Ictnpcnuurt. O outlet temperature, f Solution Iced riitc. J-5 
mL min », «ir now rule, M)U L li 
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Fio. 2. The relationship between ucliviiy hiss ami (he pniporltim M 
insoluble protein in /f-grtictc*idu»c samples spray-dried without 
protective exeipienb. 



ouilcl) on the residual enzymatic activity . It is evident thai 
even til the lowest possible drying temperatures, aclivily 
losses occur. Fig. 2 shows the rclnlionxhip between Hie 
residual activity or the above samples, and Ihc presence nl* 
insoluble protein. The formation id* insoluble protein aggre- 
gates is dearly involved in the observed activity losses, 
although this phenomenon only occurs with ucliviiy lasses 
greater thun about 15%. bwtxu ct al (1991) observed that 
when frcczc-dried //-gahictosidnxc (derived iVom A. urysar) 
was stored al 70"C, soluble higher molecular weight aggre- 
gates formed which were associated with activity tosses. This 
may also occur as a result of spray-drying, with insoluble 
precipitates forming when dcnaiurution is> more extensive. 

Effect of process iwWcfWrjr 

Table 3 shows the fitted equations rclnling the rcspun.se 
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Tublc 1. Fined equations refuting product chnracicrfaiia lo proctsung variables. 



Di«roiilkllcmr*rolurcrQ Y,»59-2+?lvlX|-8-7Xi- ^=0-995 

Residual nciivity (%) Yj - 76-6- Zl JXi ^ I2-6X : + 1 1 fiCX^X,) rUO-979 

Geometric mean particle size (,tm) Yj=407+0 4IX,+0-3O(X r X,)-O-20(X,-X.r +0-$9X^ r*0-92ti 

Moisture content I'M Vi-J-lO-O-ZOX^O-IiXj+WSXj-^Xi-XjJ+W^X^-O-loXj' H-O-tti 

Yield <*) V»-I5-<+MXi-7-3Xi-6WCiXi)+4(Xj-Xj) r-Q-V23 



• Significant ut 90% confidence level. X ( : Inlet icrapcmiurc; X* ftcd rite; Xj: iir flow rate; X*: day. 



Residual activity (%) 



140 " 



/ 70 
r- 5 
fc 



*> 2 



soo 



n.s 
700 

Air flow rate (L h ') 



»7J 

500 



700 



Kwt. .1. Trie effect or process variapfcsuii raid oul activity nntl jicti. 'Indicates missing data puir.li wberc yields were loo 
small lo pcnuil amtfvKa to be carried ouL 



»20 



3 10 



20 



100 



4-0 60 
On rim tflinperaiurn f'Cl 

I'm. 4. The el 'eel urdricr millet icropirralufcon residual pctivi|> and 
yield. • Yield, ■ residual activity. 

Table 4. The effect of formula lion nddiuva on the properties of 
•priiy-tirtcd /f-giiluctosiduse. 



None 

Martninri 

Sucrose 

Afyininc HC1 
Trehalose 



Moisture 
con ten i 
(%) 

4-5 

15 

2- 8 

3- 2 
40 



Geometric 

mcjn 
particle size 

3y 

43 

4-3 

i< 

4-0 



Rcaidtml oclMiy 
followinfl drying 

(%) 

42 
SI 

102 

106 

(09 



parameters to ihc processing factors. Terms Included in the 
equations were slgruficnni at the 95% level unless otherwise 
marked. 

Several terms were found to have stalisiieally significant 
effects on the product moisture content. However, the 
magnitude of the ellecis was small and cr liulc practical 
importance. Ubrude et al reported u decrease in 

moisture content with an incTCirsc in drying tern pcru lure 
when a haemoglobin nnd sucrose fonnulution was dried 
using a BOcbi spray-d ricf - 11 fw5 becn re P orlcd lmn * hc 
moisture conlenl of the product is determined by the outlet 
tcmperaiurcorihcspray-dricr(Masters 1985); this effect was 
not observed in this study over n temperature range of 70- 
I40X. 

A tendency for the paruclc sire lo increase with increasing 
drier inlet temperature was observed. This effect is probably 
due, at least in part, to the increased tendency I o agglomerate 
exhibited by ihe powders spray-dried at high temperatures. 
The effect of temperature on particle size is reported lo be 
dependent on Uic material being dried (Crosby & Marshall 
1958). and to this observation is probably formulation 
spcciAc. In two- fluid driers such as the BOchi 190, the panicle 
size is reported to decrease wiih un increase in the ratio of the 
air to liquid flow rales, sincethis represents an increase in the 
energy available for atomneilion (Masters 1985). Our model 
supports this theory since when both How rotes arc high or 
low (minimising this ratio), the X,X, interaction term is 
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Table 5. The effect of storage on ihe residual activity or spray-drlcd 
/J-galaclosidna form ulu liens. 



Conditions Residual activity 



No stabilizer Mannilo) Sucrose ArginineHCl Trehalose 



Initial 


41-8 


80-5 


101 -5 


105-8 


108-6 


rc 












1 month 


30-0* 


62-3 


106-2 


99-9 


101-8 


6 months 


274 


431 


951 


978 


100-7 


12 months 


19-9 


24-7 


95-9 


94-7 


960 


30"C 












1 week 


26-5 


50-7 


103-2 


96-9 


109-3 


1 monih 


21-2 


33-0 


100-5 


1(14-5 


110-3 


4 months 


17-6 


28-7 


100-3 


104-6 


IOO-4 


6 months 


180 


2fi-7 


911-2 


91-8 


95-9 


12 months 


11-7 


20-5 


m 


975 


96-H 


<nrc 












1 week 


24-8 


35-1 


1UI-0 


105-2 


108-6 


1 month 


19*6 


19-2 


102-2 


1098 


106-6 


4 months 


15-1 


1*5 


87-6 


105-9 


104-7 


6 months 


13) 


16-5 


XI -4 


96-2 


99-7 


12 months 


9-2 


13-3 


74-1 


95-5 


107-4 



positive and hence results in an increase in particle size. 
Although this model His the data quite well, the day-to-day 
variability (X») is significant, and is larger than any change 
which could be induced by alteration of process variables. 
Since the day-to-day variation is confounded with the three 
factor interaction effect (X ( -X,-X,) however, it is impossible 
to differentiate the rclutivc importance or their respective 
contributions. 

The outlet temperature or the drier was determined solely 
by the main effects or the iolet temperature and the solution 
feed rate. At a given inict temperature, a decrease in feed rate 
will cause the outlet tempera lure to rise. The out let tempera- 
ture of the spray-drier is considered to be the most important 
facto; in determining the residual activity ofspruy-dricd heat 
sensitive maleriuls (Dacmcn & van der Siege 1982; Labrude 
ei al 1989). With the Buchi apparatus, the outlet temperature 
cannot be controlled directly, but Ihe fitted equation shows 
that it can be predicted with considerable accuracy from u 
knowledge of the inlet temperature n n d the solution feed rate 
(Table 3, eqn I). Similarly, it cnnblcs the processing condi- 
tions to be controlled so as to give a desired outlet 
tempera lure. The extent to which this relationship would 
change with different formulations is uncertain, but it is 
unlikely to be substantially altered tis long as the viscosity 0 f 
the solution remains low. 

The filled equation in Table 3 indicalcsthat the residual 
activity is determined by the main effects of solution feed rate 
and drier inlet temperature with the interaction between the 
two also being significant. It can be seen from Fig. 3 Uiut ' 
increasing the inlet temperature results in much grcalcr 
activity losses when the feed rate is low, compared with when 
feed rate is high. This phenomenon is reflected in the X, X 2 
interaction term in the fitted equation (Tabic 3, eqn 2). This 
can be explained by the manner in which Inlet temperature 
and solution feed rate control outlet temperature, as de- 
scribed above. The relationship between residual activity and 
drier outlet temperature is illustrated in Fig. 4. It can be seen 
from the nature of the curve that the residual activity is much 
more sensitive to small changes in outlet temperature when 



the temperature is high, than tit low ur moderate tempera- 
tures. 

The yield was also determined by I he drier inlet tempera- 
ture, the liquid feed rale and the interaction between the iwu. 
Here again the interaction term is or critical importance as 
illustrated in Fig. 3. An increase in inlet temperature 
improves yield only when the solution recti rale is low. A I 
high solution feed rates yields arc low, irrespective or drying 
temperature The filled equation confirms these observa- 
tions: the yield can be considerably increased by rcdudni; lire 
solution feed nUe. A* simultaneous increase in the drier inlet 
temperature results in dramatic improvements in the product 
yield. The yield is therefore highly dependent on drier nut let 
temperature as shown in Fig. 4. A positive value of the W.X • 
term (i.e. a low airflow: feed rate ratio) farther increases tire 
yield. Since n low Iced rate is required to obtain high product 
yields, it fallows that n low air flow rale is also required in 
maximize the yield. 

The strong interaction effects observed between inlet 
temperature and solution teed rate, with respect to residual 
acuvity and yield, highlight the value or using statistical I v 
designed experiments. Had the effects of the process vari- 
ables been studied individually, varying one raelor al a lime, 
these findings would have been missed, 

II Is evident I'rom Figs 3 and 4 that ihe highest product 
yields arc associated with significant losses in enzymatic 
iictivity. The experimental region where yields arc greatest 
corresponds to ihe region where rcxidual activity levels art- 
lowest. Dearly a prerequisite Tor the use of this process 
would be that drying could be accomplished without. ;my 
activity losses. Nevertheless low yields ure u persistent 
problem with laboratory-scale spray-driers, and may place 
severe restrictions on Ihe use of the process in early product 
development of prolcin drugs. Thus, it is ohviously desir:»hlc 
to be able to carry out the process under condilims which 
maximize yields. This led us to investigate polentinl stabi- 
lizers which might be effective in stabilizing the enzyme u nder 
the harsher drying conditions required to achieve acceptable 
yields. 
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FiC. 6. The effect of ambient relative humidity on the moisture 
conteni of jp ray-dried formirlii lions. 



Effect ofexcipient 

Table 4 shews the properties of formulations containing 6% 
/J-galaciosidrtse and 10% argininc hydrochloride, sucrose, 
trehalose or munmtol in deionized water. These formulations 
were dried at a feed rate of 2 mL min - an air Row rale of 500 
Lh- f and at an inlet temperature of 1 05"C Yields or 40-$5% 
were obtained. Table 5 shows the effect ofstorage at 5. 30 and 
40*C on the residual activity of the product. The control and 
mannitol formulations which both suffered activity losses 
during the spray-drying process continued to degrade during 
storage. As would be expected, the activity losses progressed 
faster at higher storage temperatures. Whilst mannitol 
evidently has a slight protectant effect compared with the 
control formulation, the other stabilizers are nil more 
effective. Arginmc hydrochloride and trehalose were able to 
maintain the potency of /?-galoclosidasc both during spray- 
drying and during storage ct 40*C for one year. Both these 
substances have previously been reported to stabilize A. 
oryiw-derived 0-galactosidase during freezc-drying und 
subsequent storage at 70"C for a period of seven days (fzuisu 
et a) 1991 ). The sucrose formulation was stable for one year 
at 5"C, but started to lose activity after about three months 



storage tit higher tempera turcs. This formulation nlso devel- 
oped a brown discoloration after prolonged storage ui the 
higher lemperntures. This can be attributed to Muillnrd 
reactions which occur when sucrose is hydrolyscd to its 
constituent monosaccharides (Roscr 1991; le Booy ct ul 
1997). This phenomenon has been shown to occur in freeze- 
dried protein preparations conluining sucrose even when 
prepared under neutral or only mildly acidic conditions 
(Tarelli & White 1982). Those authors also observed lhul 
mannitol und trehalose possessed much grculer inherent 
stability than sucrose and lactose, especially when the 
product moisture content was greater than I %. It is interest- 
ing to note that the excipicnts which provided the greatest 
degree or protection in the .spray-drying process nlso 
afforded the best long-term stability. This may indicate a 
similarity in the mechanism or protection rrnm the two 
different types of thermal stress. 

Fig. 5 shows scanning electron micrographs of the formu- 
lations described above. There is n striking difference 
between the smooth-surfaccd particles observed in the 
control formulation conluining nn wcipicnt. anil the more 
pilled surfaces observed when stabilizers were included in tlic 
formulution. This is particularly appnrciu in the cswc i»f the 
argininc hydrochloride and trehalose formula tinns. A small 
increase in particle size ( I -2 ,unj wax observed ror the sucrose 
and argininc hydrochloride samples after storage at JO ami 
40 D C. This occurred because these samples tended to riinn 
hard cakes during storage which did nut cusily disperse 
during thcslidc preparation process. Therefore, the np pa rent 
increase in sire can be attributed to the presence at pnwder 
agglomerates on the slides. This effect was oKwrvctl ui a 
lesser extern with the control and mannitol formulations, 
and did not occur at nil with the trehalose formulation, which 
maintained ils'finc, powdery nppca ranee even nttcr twelve 
months storage ui 40"C. 

Effhi offormulut'um oar tub fax 

From the results observed in the stability studies, nrginine 
hydrochloride ond trehalose were judged Ui he the most 
promising stabilizers und were therefore investigated further. 
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A V full factorial experimental design was used lo compare 
these two stabilizers, und also to evaluate the effect of totaK 
solids (8-16%), stabilizer to protein concentration ratio 
(J -7: 1-7; I), presence of sur r uctunl (0-05% Tween 80) and 
drying temperature (I05-170°C)." Drying temperature was 
included in this experimental design since we wished to 
evaluate the effect or higher drying temperatures than those 
used in the first phase of the study. A Teed rateo^mLnuV 1 
and an air flow rate of 500 L h *' were used throughout this 
study. The 32 experimental runs were blocked inlo four sets 
of eight runs. Again the three-factor interactions were 
confounded with lite day-to-day variation. Table6shows the 
Rued equations obtained from the experimental data. 

There was substantial variation in the ambient relative 
humidity on the four occasions on which the spray-drying 
was conducted. Levels ranged from less than 15% to over 
50%. These variations clearly affected the moisture content 
or trie product. In addition, the yields from the arginine 
hydrochloride runs carried out when the relative humidity 
was high were very poor, since the product obtained was 
extremely sticky and could not cosily be removed from ihc 
product collector. The effect of relative humidity on the 
product moisture content is illustruicd in Fig. 6. Although 
the r 3 value for this filled equation is only 0-506, u must be 
remembered that this plot shows data from all the cxpen- 
menm) runs and so was not obtained under constant 
conditions with respect lo the five experimentally controHcd 
parameters. Statistical analysis of the data showed a highly 
.significant effect of relative humidity on product moisture 
content (/> =0-01)01). Thus the residuals procedure of SAS 
was used to eliminate the cRccl of relative humidity from the 
data so that the effects of the experimentally controlled 
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variables could be analysed. Using this procedure, the 
portion of the moisture content which is due to the ambient 
humidity is subtracted from the experimental data to give the 
residual moisture content The residual data values can then 
be analysed in the usuul manner to test for the effect of the 
experimentally controlled variables (Daniel Sl Wood 1980). 

Comparison of arginine hydrochloride and trehalose formula- 
tions 

Fig. 7 illustrates the effect of solids, surfactant and drying 
temperature on Ihc residual activity of arginine hydrochlor- 
ide and trehalose formulations. This figure clearly shows a 
greater ability of trehalose to preserve the enzymatic activity 
at higher drying temperatures. This was confirmed by a 
subsequent experiment in which trehalose and arginine 
hydrochloride formulations were dried at inlet temperatures 
between 105 and 200 B C (Fig. 8). Data obtained when 
fl-galaclosidasc was spray-dried without additives were 
included in this plot Tor comparison. The ability or trehalose 
lo stabilize proteins is currently the subject of much debate. It 
has been reported to have remarkable stabilizing properties 
in the air-drying of various biologically active materials 
(Roscr 1991; Colaco el al 1992), although other researchers 
have found sucrose to be equally effective (Levine & Siudc 
1992) Nevertheless, trehalose appear? to be extremely 
effective in preventing thermal denaturntion of //-gulaciosi- 
dase during spniv-drying.and allows drying to be carried out 
a l a temperature at least 2Q*C higher than is possible when 
either sucrose or arginine hydrochloride is used as the 

$t Thrregrcssion cquaUons in Table 6 also show a slightly 
smaller particle size and a slightly lower moisture content 
when trehalose is used as a stabilizer rather than arginine 
hydrochloride. Trehalose was therefore sclccicd as the 
stabilizer of choice for spray-drying /?.gala«osidasc. 

Determination of final fonmhttUm and,, race* for trehalose 

Table 7 shows the regression equations obtained us,ng only 
lhe d»W from the trehalose runs. This procedure results in 
simpler regression equations, conlainmg fewer terms su.ee 
the stabilizer term and its respective interaction terms have 

^.fcTlSoduct moisture content and residual activity 
only affected to a statistically significant extent by the 

3 a reduction in both residual BCttvH, M 
content. It is interesting that in these expenmems there «.. . 
7, "L. of temperature on the product moisture content. 
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previous experiment which focused on processing variables. 
It may be because the temperature range in the initial study 
was only 70-1 40°C, whereas in this study a range or 105- 
I75*C was used. In addition, the very low yields obtained in 
the earlier experiments may have led to misleading moisture 
content results. 

Clearly there is no benefit to be gained by including Tween 
80 in the formula lion, since its only significant effect was to 
reduce the yield from the drier, Formulations containing 
Twcca 80 tended to form small spherical beads in the drier 
which did not collect as efficiently as the line powders from 
the other runs, Bnd lower yields were observed. The yield 
could be increased by almost 20% by using a high (16%) 
rather than alow (8%) total soli da content. It therefore seems 
sensible to use as high a total solids content as possible, since 
this also reduces the lime required to dry u given amount of 
material. 

The ratio of stabilizer to protein affected only the geo- 
metric mean size or the product. A slightly smaller mean si2e 
could be obtained by increasing the proportion of trehalose 
in the formulation. Any potential benefit resulting from this 
size decrease, however, would probubly not be sufficient to 
merit the large incrcsisc in the amount ofexcipicnl. 

To minimize the product moisture content, it is obviously 
desirable to operate at (he maximum drying temperature 
which can be used without causing activity losses. Present 
data indicate that an inlet temperature of J40"C and un 
outlet temperature of w 5-IOirC can be used, provided that 
cooliag water is circulated through the drier nozzle to 
prevent thermal dennturation in the nozzle. 

Effect offitHxahHim pH 

A linal study was carried out to evaluate the effect of IhcpH 
of the feed solution on the residua J activity of the trehalose 
formulation. Up to this point, oil experimental runs had been 
carried out in a simple aqueous solution containing only the 
protein and a stabilizer (approx. pH 5-8-6-5). A. nryzw 
derived /J-gntoelosidusc has n reported isoelectric point of 
about pH 4-5 as determined by isoelectric focusing (Ogushi cl 
al 1980), and formulations of pH 2-5, 4-5 and 6-5 were 
evaluated so that nny effect of the overall charge on the 
protein could be observed. The protein solutions were 
prepared in phosphate-citrate buffer adjusted to the desired 
.pH and dinlyscd against the appropriate buffer for 24 h. The 
pH 2 5 formulation wis not spray-dried, since degradation 
and precipitation of the protein occurred during the dialysis. 
Table 8 shows the residual activity of the pH 4-5 and 6-5 
formulations spray-dried at inlet temperature* uf 140 and 
I SOT. Two different buffer strengths were evaluated. The 
pH 4-5 formulation degraded to u intich greater ex lent than 
Ihc pH 6'i formulation, which behaved in the same manner 
as the unbuffered formulation. The buffer strength also 
affected the residual activity of the pH 4-5 formulation, with 
less activity loss occurring at both temperatures when the 
ionic strength was reduced. Since the pH 0-5 buffered 
solution behaved in the same fashion as the unbuffered 
solution, a buffer was not included in the formulation. 

The final formulation and process is shown in Tabic 9. 
Drying under these conditions causes no activity Joss, and 
yields of over 70% have been achieved. The geometric mean 
size of the product is typically between 3 und 4 /im. an ideal 



Table 8. The effect of feed solution pH and Ionic strength on the 
residual activity of spray-dried /f-galactwidasc. 



Feed solution formulation 
(phosphate/ciuste) 

pH 4 3 (0-2 M/01 to) 
pH 4.5(0-1 m/0-05 M) 
pH 6'5(0-2m/(M m) 
pH 6-3(0-1 M/0-05 m) 
pH 6-0 (unburTeied) 



Residual activity (%) 



140'C 
69-8 
H7-5 
98-9 
98-5 

101-6 



150-C 

42-0 
60-5 

ai-a 

79-0 
71-6 



Table 9. Optimal formulation and process. 



Stabilizer 
Solids 

SlabUizcr: protein ratio 
Other excipienu 
Intel temperature 
Out It i temperature 
Solution feed rate 
Air llow rale 



10% Trehalose 
16% 
1-67:1 
Noue 
140-C 
95- 1 00 C 
2 r»L nan 1 
5fW L h* 1 



size for inclusion in dry-powder inhaler devices. The particle 
size and size distribution were not greatly affected by any of 
the process or formulation variables, and arc probably 
largclya function of the spray-drier design. It is likely that to 
cffcci any significant changes in particle size, a different 
nozzle would be required. 

The moisture content of the fimil formulation is typically 
between 2 and 5%. This study clearly demonstrated Ihc effect 
of ambient relative humidity on the moisture content of the 
product, and it would be desirable to carry out trie spray- 
drying process in a low humidity environment. Under these 
conditions moisture levels of around 2-3% could he 
achieved. • • ' 

Tills study indicates that spray-drying is n valuable 
technique in the formulation of protein drugs. By judicious 
control of processing variables, yields of TuIIy active protein 
in excess of 70% arc achievable. The identification of an 
efficient sluhilizcr is likely to be of paramount importance in 
the development oHi spray-dried formulation ofany protein 
drug. A rein lively high aqueous solubility is advantageous, 
since spray-drying operates best when the Iced solution hits a " 
high solids content. Furthermore, the diflieuliics encoun- 
tered in obtaining adequate yields from laboratory-scale 
spray-driers muy be resolved during the scaling-up process. 
Spray-drying tints merits consideration by protein formula- 
tors when the control of particle size is necessary or desirable. 
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